STUDY QUESTION: Is pregnancy outcome in triplet pregnancies improved with embryo reduction (ER) to twins compared to expectant management?
Introduction
As a result of advancing maternal age and the widespread use of assisted reproductive technology, the rate of triplet pregnancies has risen during the last few decades (Blondel and Kaminski, 2002; Papageorghiou et al., 2006; Luke and Brown, 2008; Martin et al., 2011 Martin et al., , 2012 Ferraretti et al., 2012; van de Mheen et al., 2014; Morlando et al., 2015) . It is also likely that assisted reproduction has increased the relative proportion of triplets with mixed chorionicity because of the higher proportion of triplets resulting from the splitting of one of two embryos transferred (Schachter et al., 2001; Morlando et al., 2015) .
Triplet pregnancies, compared to singletons and twins, are associated with a higher risk of miscarriage (<24 weeks of gestation) and preterm birth (<34 weeks) (Pons et al., 1998; Strauss et al., 2002; Blickstein, 2004; Blickstein and Keith, 2005; Goldenberg et al., 2008; van de Mheen et al., 2014) . In order to decrease the risks associated with triplets, embryo reduction (ER), either of a foetus with a separate placenta or one of a monochorionic pair (MC), has been performed (Kanhai et al., 1986; Evans and Britt, 2008) and several approaches have been described (Coffler et al., 1999; Mansour et al., 1999) . The most frequently applied methods are ultrasound-guided transabdominal injection of potassium chloride into the foetal heart or chest cavity in trichorionic triamniotic (TCTA) pregnancies (Lipitz et al., 2001; van de Mheen et al., 2014) , or ultrasound-guided laser ablation or radiofrequency ablation of the pelvic vessels of one of the MC pair in dichorionic triamniotic (DCTA) triplets (Chaveeva et al., 2014) .
There is clear evidence to support ER in pregnancies involving four or more foetuses to twins because it is considered to have a more favourable outcome (Melgar et al., 1991; Blickstein and Keith, 2005; van de Mheen et al., 2014) . However, with respect to triplet pregnancies, doubt remains about whether ER improves the obstetric outcome of triplets reduced to twins (Dodd and Crowther, 2012; van de Mheen et al., 2014) .
The primary aim of this study was to critically appraise the role of ER in the management of both TCTA and DCTA pregnancies, by summarizing all available English-language literature and assessing the risks of miscarriage and preterm delivery, thus clarifying its relative strengths and weaknesses.
Materials and Methods
A systematic review and meta-analysis were performed according to the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement (Liberati et al., 2009) .
Study inclusion criteria

Types of studies
Due to lack of evidence, experimental designs eligible for inclusion constituted the full spectrum of studies, i.e. from randomized controlled trials (RCTs) to observational studies without control groups (cross-sectional and case series). Moreover, the aforementioned research question necessitates the inclusion of low-level evidence, i.e. Level III (retrospective cohorts) or Level IV (case series) evidence (Green, 2005; Henderson et al., 2010) .
Types of participants
The included studies were of TCTA and/or DCTA pregnancies with three live foetuses at 8-14 weeks of gestation, with data on both expectant management and ER within the same study period, for outcomes of miscarriage before 24 weeks of gestation and outcomes of preterm delivery before 34 weeks of gestation.
Types of therapeutic interventions
The compared interventions were (i) expectant management, and (ii) ER by ultrasound-guided intrathoracic potassium chloride injection or by ultrasound-guided laser ablation/radiofrequency ablation of the pelvic vessels of one of the MC foetuses.
Types of outcome measures
The outcomes measures were (i) the rate of miscarriage before 24 weeks of gestation (rate), and (ii) the rate of preterm birth before 34 weeks of gestation. In order to compare our data with published data the cut-off defining preterm birth is represented by a range (from 24 +0 to <33 +6 weeks of gestation). Summary outcomes are presented in the form of relative risks (RR) and 95% CI. The aforementioned studies were selected if they fulfilled all of the following inclusion criteria: (i) TCTA or DCTA pregnancies with three live foetuses at 8-14 weeks of gestation; (ii) available data both on expectant management and ER; (iii) outcomes of miscarriage before 24 weeks of gestation and outcomes of preterm delivery before 34 weeks of gestation; (iv) data that allows calculation of miscarriage and preterm delivery rates and (v) data or subsets of data that had not been published more than once.
Study exclusion criteria
Studies where the gestational age (GA) at recruitment or reduction was higher than 14 weeks of gestation were excluded in order to avoid an underestimation of the rate of early pregnancy loss and an overestimation of the severe preterm delivery rate. Review articles, letters, comments, non-clinical studies, technical papers, expert opinions, single case reports and case series reporting five cases or fewer on either arm or articles without original data were excluded.
Identification of studies
A comprehensive computerized systematic literature search was performed to identify abstracts of English-language articles from studies involving human subjects. Relevant studies reporting on the effects of ER in TCTA and DCTA pregnancies versus expectant management were identified. The computerized database search was performed on eight January 2017, on MEDLINE, EMBASE, Scopus, Cochrane Database of Systematic Reviews (CDSR), Database of Abstracts of Reviews of Effectiveness (DARE), Cochrane Central Register of Controlled Trials (CENTRAL) and Google Scholar, and the period of search was narrowed from 2000 to 2016, due to potentially markedly altered practices and techniques over an extensively elongated time frame. Relevant article reference lists were then hand searched. The search algorithm included: combinations of the relevant medical subject heading (MeSH) terms, keywords, and word variants for: 'triplet pregnancy', 'mixed chorionicity', 'embryo reduction', 'selective termination', 'selective reduction', 'dichorionic triplet', 'monochorionic multiple pregnancy', 'multifetal reduction' and 'monochorionic component'. After reading the abstracts, two reviewers (C.A. and T.D.) independently assessed all potentially eligible articles in which expectant management versus ER was evaluated. Finally, a review of the reference sections of selected articles was performed to identify other relevant studies. Only studies published in the English language were included.
Study selection
From the computerized database search, duplicates were removed. Citations were reviewed for exclusion criteria and if none were found, the journal article was obtained. Two reviewers (C.A. and T.D.) , who read the articles independently from each other, reviewed these articles. Disagreements were resolved by discussion.
Data extraction
The aforementioned reviewers independently extracted data from each article using a standardized form. They were not blinded to information about the authors, their affiliations, or the journal name, since this has been shown to be unnecessary. To resolve persistent disagreements between the two, a third reviewer (A.M.) assessed all discrepant items. The following data were recorded for each article: (i) author and year of publication, (ii) number of patients and type of management, (iii) ER technique, (iv) rate of miscarriage and preterm delivery, (v) mean maternal age, (vi) mean GA at recruitment and delivery, (vii) method of conception and (viii) number of pregnancies with 1, 2, 3, at least one or no survivors. In some studies, only a subgroup of patients fulfilled the inclusion criteria. If data for more than one ER techniques were presented in a study, inclusion and exclusion criteria were applied to each technique.
Study design characteristics
The following study design characteristics were extracted: (i) patient selection (consecutive or non-consecutive), (ii) methods of data collection (prospective, retrospective, or unknown in cases of doubt), (iii) reporting of study population (sufficient or insufficient; sufficient if all of the following characteristics were described: chorionicity and amnionicity (based on the presence or absence of the lambda sign; Sepulveda et al., 1996) , mean maternal age, mean GA at recruitment and delivery, method of conception, number of pregnancies with 1, 2, 3, at least one or no survivors) and (iv) reporting of therapeutic intervention (sufficient or insufficient; the therapeutic intervention should be described with sufficient detail to allow for replication, validation and generalization of the study; for ultrasound-guided ER: type of probe and frequency of transducer, diameter of the needle, transcervical or transabdominal approach, type and amount of injected medium, intracardial or intrathoracic injection, and use of prophylactic antibiotics; for ultrasound-guided laser ablation or radiofrequency ablation of the pelvic vessels of one of the MC foetuses: type of probe and frequency of transducer, diameter of the needle and laser fibre, type and power of laser and use of prophylactic antibiotics).
Quality assessment
Quality assessment is an integral part of any systematic review. If the results of individual studies are biased and synthesized without certain considerations, then the results of the review are also likely to be biased (Green, 2005) . It is therefore essential that the quality of each individual study included in a systematic review is assessed in terms of its potential for bias, lack of applicability, and, inevitable, to a certain extent, the quality of reporting (Green, 2005) . A formal assessment of the quality of primary studies included in a review allows an investigation of the effect of different biases and sources of variation on the study results. The quality of each individual article was evaluated by the GRACE (good research for comparative effectiveness) checklist (Dreyer et al., 2014 (Dreyer et al., , 2016 , STROBE (strengthening the reporting of observational studies in epidemiology) statement (van Elm et al., 2007; Vandenbroucke et al., 2014) and Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies (Ref. https://www.nhlbi. nih.gov/health-pro/guidelines/in-develop/cardiovascular-risk-reduction/ tools/cohort). In order to be eligible for inclusion, studies have to meet at least 50% of the points for each scale (i.e. pass/fail for GRACE, 11 of 22 for STROBE and 7 of 14 for the Assessment Tool for Observational Cohort and Cross-Sectional Studies).
Statistical analysis
In TCTA and DCTA pregnancies managed expectantly or by ER, the rates of miscarriage and preterm birth were calculated. X 2 and Fisher's exact test were used as appropriate to examine the significance of differences between the various groups for pregnancy outcomes. In the combined data, 2 × 2 tables for the outcomes of interest were constructed and relative risks, 95% CIs and numbers needed to treat or harm were calculated when the relative risks did not cross 1.0. In cases of cells containing zero, 0.5 was added to each cell of the 2 × 2 
Results
Search results and study selection
After the computerized search was performed, 149 articles were initially identified. We then found 26 articles to be potentially eligible after reading the abstract, of which eight studies fulfilled the inclusion criteria (Fig. 1) . Reasons for not including the other studies (Table I) were: (i) different ER technique (n = 2); (ii) no ER group/no data on ER group (n = 6); (iii) no data on expectant management of triplets (n = 6); (iv) case series reporting five cases or fewer (n = 2); and (v) difference in GA at recruitment between expectant and ER groups (n = 2) (Fig. 2) 
Study range and characteristics
From the eight articles included, 23 data sets were retrieved (Antsaklis et al., 2004; Ata et al., 2011; Skiadas et al., 2011; Chaveeva et al., 2013 Chaveeva et al., , 2014 Drugan et al., 2013; Shiva et al., 2014; Morlando et al., 2015) . Expectant management of TCTs was evaluated in six studies with seven data sets (Antsaklis et al., 2004; Ata et al., 2011; Skiadas et al., 2011; Chaveeva et al., 2013; Drugan et al., 2013; Shiva et al., 2014) . Of these, one article with one data set, including 70 patients, used GA at recruitment <10 weeks (i.e. 8-14) (Antsaklis et al., 2004) . Expectant management of DCTA triplets was evaluated in two studies with three data sets (Chaveeva et al., 2013; Morlando et al., 2015) . TCTA pregnancy ER to twins was evaluated in six studies with seven data sets. The procedure was performed transabdominally by using a 20 or 22 G needle and intracardiac or intrathoracic injection of potassium chloride (Antsaklis et al., 2004; Ata et al., 2011; Skiadas et al., 2011; Chaveeva et al., 2013; Drugan et al., 2013; Shiva et al., 2014) . DCTA triplets ER (of the foetus with a separate placenta) to twins was evaluated in one article with two data sets (Chaveeva et al., 2013) . DCTA triplets ER (of one of the MC pair) to twins was evaluated in two articles with two data sets (Table II) (Chaveeva et al., 2014; Morlando et al., 2015) .
Study quality and potential sources of bias
All eight articles were assessed with GRACE (good research for comparative effectiveness) Checklist, STROBE (strengthening the reporting of observational studies in epidemiology) Statement, and Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies and finally eight (retrospective) studies were included in the systematic review. The hierarchy of evidence was estimated as Level III regarding all eight studies. Finaly, no RCTs or prospective cohort studies were identified (Supplementary Fig. S1 ). Many articles suffered from bias in study design characteristics: for instance, the method of data collection was retrospective in all eight studies (100%); patient selection was non-consecutive or unknown in all eight articles (100%); the outcome assessors were not blinded to the exposure status of the participants in all eight studies (100%); reporting of study population was insufficient in three studies (37.5%) (Antsaklis et al., 2004; Skiadas et al., 2011; Morlando et al., 2015) ; no distinction was made between TCTA and DCTA pregnancies in two articles (25%) (Antsaklis et al., 2004; Shiva et al., 2014) ; and mode of conception was not specified in one article (12.5%) (Antsaklis et al., 2004) ; however there was sufficient description of the ER procedures in all eight studies (100%).
In general, if a funnel plot for the number of analyzed studies as a function of the discriminatory power of the meta-analysis (natural logarithm of the diagnostic odds ratio), demonstrates a symmetric funnel-shaped distribution for the respective data sets, it suggests that publication bias is unlikely to be present. In our study, however, given the constrictions of only a few articles analyzed and subsequently a limited number of data sets available, the derived funnel plots, both of standard error by Logit event rate and of precision (1/SE) by Logit event rate, appeared highly asymmetrical, indicating that publication bias was most likely to be present (Comprehensive Meta-analysis Version 3.3.070, 2014, Biostat Inc., 14 North Dean Street, Englewood, NJ 07631, USA) (Supplementary Figs S2-S5) .
The classical measure of heterogeneity is Cochran's Q, which is included in each meta-analysis function because it forms part of the Der Simonian-Laird random effects pooling method (DerSimonian and Laird, 1986) . Gavanghan et al. (2000) indicated that Q has low power as a comprehensive test of heterogeneity, especially when the number of studies is small, i.e. in most meta-analyses. Conversely, Q has too much power as a test of heterogeneity if the number of studies is large, as clearly demonstrated by Higgins et al. (2003) . In view of the low methodological quality of most observational studies, there is a tendency touse random effect models for the pooling of all observational studies (Supplementary Table SII) (Borenstein et al., 2010) .
The quantity I 2 describes the percentage of total variation across studies that is due to true heterogeneity rather than chance, thus quantifying the effect of heterogeneity and providing a measure of the degree of inconsistency in the results of the studies, where 0% indicates no observed heterogeneity while larger values show more 
Combined data
In TCTA pregnancies managed expectantly (n = 501), the rates of miscarriage and preterm birth <34 weeks were 7.4 and 50.2%, respectively. In TCTA pregnancies with ER to twins (n = 666), there was a non-significant increase in miscarriage rate (8.1 versus 7.4%, P = 0.661 and RR = 1.08, 95% 0.58-1.98) (Fig. 2) (Supplementary Fig. S6 ) and a significant decrease in preterm birth rate (17.3 versus 50.2%, P <0.005 and RR = 0.36, 95% CI: 0.28-0.48) (Fig. 3) (Supplementary Fig. S7 ). In TCTA pregnancies, it was calculated that 3 (95% CI: 3-4) ERs to twins need to be performed to prevent one preterm birth (Fig. 4) . In DCTA pregnancies managed expectantly (n = 200), the rates of miscarriage and early preterm birth were 8.5 and 51.9%, respectively. In DCTA pregnancies with ER to twins, either of the foetus with a separate placenta (n = 15) or one of the MC pair (n = 34), there was a non-significant increase in miscarriage rate (8.5 versus 13.3%, P = 0.628 and RR = 1.22, 95% CI: 0.38-3.95, respectively) and a nonsignificant decrease in preterm birth rate (51.9 versus 46.2%, P = 0.778 and RR = 0.5, 95% CI: 0.04-5.7, respectively).
Discussion
The principal finding of our study is that ER to twins in TCTA pregnancies reduces the risk of preterm birth (<34 weeks) without significantly increasing the risk of miscarriage (<24 weeks).
The greatest strength of our systematic review is that, contrary to the existing literature, it only included studies with both intervention and expectant arms. Therefore, selective reporting bias either in favour of ER or expectant management is minimized. Furthermore, the number of patients included in the analysis is large, thus allowing some conclusions.
With respect to the limitations of the included studies and hence the reliability of the results, it should be highlighted that apart from the limited amount of data, the individual papers were subject to a considerable number of biases. No RCTs of ER versus expectant management in TCTA or DCTA pregnancies were identified from our literature search. A common limitation of all studies included was the lack of data on parity, rates of death beyond the neonatal period and neurodevelopmental impairment in survivors (Supplementary  Table SIII) . Moreover, none of the included studies conducted a subgroup analysis of different time periods regarding pregnancy outcomes in relation to recent advances in neonatal intensive care and in obstetric care, which have improved the outcome for younger and lighter neonates. The above mentioned factors accurately reflect the weaknesses of our review: (i) there were only a handful of papers with small sample sizes and suffering from bias that we were able to include; (ii) the cutoff for preterm birth was not consistent in all studies included; and (iii) non-English publications were missed. An issue in any form of systematic review is the possibility of publication bias. Irrespective of the strict inclusion/exclusion criteria, the latter was evident in the management of TCTA pregnancies. Moreover, we cannot exclude publication bias in ER to twins in DCTA pregnancies (of the foetus with a separate placenta) because only one study was included. Finally, the limited number of studies assessing ER to twins in DCTA pregnancies (of one of the MC pair) versus expectant management, which also included a relatively small number of patients, did not enable us to detect whether publication bias was present.
The risk of miscarriage following ER in triplets has been a controversial issue. While an earlier study and meta-analysis reported that the risk of miscarriage increased~2-fold following ER (Papageorghiou et al., 2006; Ata et al., 2011) , a more recent review, taking into account the operator's experience with the procedure and excluding series with ≤20 cases, reported similar risks of miscarriage for ER and expectant management in TCTA pregnancies when the procedure was done by experienced teams (Wimalasundera, 2010; Ata et al., 2011) . Chaveeva et al. calculated that ER to twins in TCTA pregnancies added an additional 4.2% to the risk of pregnancy loss noted in multiple gestations (Chaveeva et al., 2013) . In our study, the risk of pregnancy loss after ER to twins was 8.1%, comparable to that reported by the largest studies included (Antsaklis et al., 2004; Chaveeva et al., 2013) , as well as not significantly different to the rate of miscarriage in untreated TCTA pregnancies. Figure 3 Forest plot indicating a non-significant increase in miscarriage rate following ER to twins in trichorionic pregnancies. most of the excess loss with ER is likely to be the consequence of the resorbing dead fetoplacental tissue rather than a faulty ER technique. Regarding ER in DCTA pregnancies, despite including interventiononly studies, Morlando et al. reported that the highest rate of miscarriage (23.5%, 95% CI: 9.6-47.3%) was found in the group where ER of the foetus with a separate placenta was performed. A significant difference was not confirmed by our results (13.3 versus 8.8%, P = 0.635), potentially due to inadequate patient numbers. However, in DCTA pregnancies with ER (of one of the MC pair) to twins and its' effect on preterm birth, fixed and random effects model disagree about the significance (Medcalc: RR = 0.36, 95% CI: 0.17-0.76 versus RR = 0.49, 95% CI: 0.03-9.36, CMA: RR = 0.79, 95% CI: 0.38-1.62 versus RR = 0.5, 95% CI: 0.04-5.7). In view of the modest numbers and the wide 95% CI, these results should be interpreted with caution.
Study name Statistics for each study
With respect to implications for current practice and future research, in TCTA pregnancies, when the top priority is three live born infants irrespective of the possible presence of handicap, expectant management seems to be a reasonable choice given the lower rate of miscarriage in this group. However, if the priority is to minimize the chance of handicap in the newborn, the most advisable choice would be ER, given the lower rate of preterm birth. In DCTA pregnancies, few studies of ER versus expectant management were identified from our literature search. In the absence of a randomized trial, the data from systematic reviews appear to be the best existing evidence for counselling in the first trimester on the different options available.
In conclusion, our results show that in TCTA pregnancies, ER to twins is associated with a lower risk of preterm birth but not associated with a higher risk of miscarriage. However in DCTA pregnancies, the results are inconclusive.
Although not yet validated, indications exist that ER (of one of the MC pair) to twins could reduce the risk of preterm birth without increasing the risk of miscarriage.
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